This paper presents a solution chemistry-focused analysis of orthorhombic and cubic tricalcium aluminate (orth-C 3 A and cub-C 3 A, respectively) hydration. It is shown that the different solubilities of cub-and orth-C 3 A influence the bulk aqueous Ca to Al concentration ratio and the C 3 A/solution interface chemistry. The results are consistent with the bulk solution chemistry controlling orth-C 3 A dissolution, and with cub-C 3 A dissolution controlled by the formation of an Al-rich leached layer and adsorption of Ca-sulfur ion pair complexes onto this layer. The polynaphthalene sulfonate-based admixture used here is identified to modify the solution chemistry and retard cub-C 3 A dissolution. Strategies to inhibit C 3 A dissolution in Portland cement are discussed.
Introduction
The setting time and workability of Portland cement (PC) concrete critically depend on the kinetics of tricalcium aluminate (C 3 A) hydration. The rapid dissolution of C 3 A in water and initial precipitation of solid hydration products, including 'Al 2 O 3 -Fe 2 O 3 -mono' (AFm) phases (e.g., OH-AFm, C 4 AH x , where the water content, x, is a function of the relative humidity and is typically 13 or 19 [1] , or C 2 AH 7.5 [2] ), and the subsequent formation of katoite (C 3 AH 6 ) [2] [3] [4] , can cause fresh PC concrete to prematurely and irreversibly lose fluidity and workability ('flash set'), resulting in poor strength development [5] . For these reasons, a small amount (typically 2-5 wt%) of solid calcium sulfate is added to PC to retard C 3 A dissolution. Gypsum (CSH 2 ) is most commonly added, although hemihydrate (CSH 0.5 ) and anhydrite (CS) are also used and/or may be produced by dehydration of gypsum during cement production.
The C 3 A phase occurs as a series of solid solutions in PC, typically involving substitutions of Ca for 2 M (M 2x Ca 3−x Al 2 O 6 ), where M is an alkali metal, normally Na or K. The Na and K present in PC clinker (~1 wt% Na 2 O + K 2 O [5, 6] ) are mainly distributed into soluble solid sulfates and C 3 A, with partitioning of K biased towards incorporation in arcanite [6] [7] [8] [9] . The structure of C 3 A is cubic (cub-C 3 A) at low Na content (0 ≤ x ≤ 0.10) and orthorhombic (orth-C 3 A) at moderate Na content (0.16 ≤ x ≤ 0.20) [5, [10] [11] [12] , with a miscibility gap existing over intermediate compositions (0.10 ≤ x ≤ 0.16) [5, [10] [11] [12] . The alkali content in PC is typically too low to produce monoclinic C 3 A (0.20 ≤ x ≤ 0.25) [5] [6] [7] 13, 14] . The crystal structures and composition limits of the Na-and K-substituted C 3 A solid solutions are similar [12] . Other substitutions can occur e.g., Mg for Ca, and Si or Fe for Al, but the crystal symmetry of this phase is reportedly only affected by the alkali content [11] . The extent that cub-C 3 A dissolution is inhibited by calcium sulfate is directly related to the amount added [15, 16] . However, orth-C 3 A dissolution occurs more rapidly in aqueous sulfate solutions than in water, and orth-C 3 A also dissolves faster than cub-C 3 A in aqueous sulfate solutions [17] [18] [19] [20] , meaning that the crystal chemistry of C 3 A and the calcium sulfate content are both important factors in PC hydration, as well as in the production of high performance PC concrete.
The reactions involved in cub-C 3 A-water-calcium sulfate and PC systems at bulk S/A molar ratios of~0.05 [15] and~0.25 [8] , respectively, are mechanistically comparable. In these systems, ettringite (C 6 AS 3 H 32 ) precipitates from relatively sulfur-and Ca-rich aqueous solutions (10 < [S] < 20 mmol L −1 and 20 < [Ca] < 40 mml L −1 ) [15, 21] and is the major solid hydration product before complete gypsum dissolution [8] . Ettringite is typically also the major solid phase produced by orth-C 3 A hydration in the presence of calcium sulfate in this range of bulk S/A concentration ratios [18] . Hexagonal platelets (most likely AFm-type phases) are initially formed on hydrating orth- [17] and cub-C 3 A [15, 21, 22] particles, and a surface layer of solid reaction products with ill-defined morphology is identified when viewed on the micron length scale during this initial reaction period (up to a maximum of a few hours) [17, 23] . The chemistry of this layer has been described in terms of AFm-type phases in the cub-C 3 A-gypsum-water system [24] . X-ray diffraction (XRD) and calorimetry data for this system [25] suggest that an initially formed amorphous aluminate phase (possibly this ill-defined layer of solid reaction products) destabilises over time, leading to ettringite precipitation. Ettringite precipitation continues in cub-C 3 A systems with bulk molar S/A ratios <~0.25 until the calcium sulfate source has completely reacted, which is reported to coincide with renewed rapid dissolution of cub-C 3 A, a release of heat, precipitation of S-AFm (C 4 ASH 12 , where the water content is again a function of the relative humidity [1] ), and destabilisation of the initially formed ettringite [15, 16] . Reduced aqueous Ca and sulfur concentrations are also measured in calcium sulfate containing aqueous cub-C 3 A systems after complete dissolution of the calcium sulfate source [15, 21, 26] . Less information is reported for orth-C 3 A hydration relative to cub-C 3 A hydration, although ettringite is the dominant solid phase produced from orth-C 3 A and gypsum hydration after 14 days at a bulk molar S/A ratio of 0.75 [18] .
Consensus is only now being reached on the rate controlling factors of cub-and orth-C 3 A dissolution in the presence of calcium sulfate, despite decades of research on this topic [4, 9, 15, 16, 18, 21, [26] [27] [28] [29] [30] [31] [32] [33] . It is increasingly thought that a dissolution rate controlling 'barrier' covering cub-C 3 A particles (e.g., [9, 19, 34] ) does not exist in the gypsumcontaining aqueous cub-C 3 A system throughout the induction period [35] . This argument is supported by micro-and macro-scale analyses and a crystallographic understanding of the chemical system [15] . As a result, and consistent with research published decades earlier [29, 30, 33] , numerous researchers have hypothesised that adsorption of sulfur and/or Ca complexes is the key cub-C 3 A dissolution rate controlling factor in aqueous calcium sulfate solutions [20, 21, 24, 35, 36] . However, these hypotheses are not all supported by the geochemical literature, which report little or no adsorption of SO 4 2− and SeO 4 2− onto Al and Fe (hydr)oxides above pH 7-10 [37] [38] [39] [40] (these complexes exhibit similar adsorption behaviour). Recent zeta potential, Ca and sulfur K-edge X-ray absorption spectroscopy (XAS) results similarly confer a lack of evidence for specific adsorption of SO 4 2− complexes onto partially dissolved cub-C 3 A particles in aqueous solutions [41] . A more complex role of adsorption phenomena in inhibiting cub-C 3 A dissolution was thus proposed for better consistency with the relevant literature [41] . It attributes the adsorption of Ca-sulfur ion pair complexes onto partially dissolved cub-C 3 A particles, the surfaces of which are relatively Al-rich, to increase the local saturation extent near C 3 A surface sites and consequently retard the cub-C 3 A dissolution rate. Polynaphthalene sulfonate (PNS) is a synthetic commercial waterreducing admixture that is commonly added to PC concrete in addition to calcium sulfate to further modify its workability. It is typically polydispersed with a mean molecular mass of ≫1000 Da [20, 42] , and contains -SO 3 − ligands [43] . It is reported to adsorb onto hydrated PC particles and retard C 3 A dissolution [20, 41, 44] , although its effect on the solution chemistry of C 3 A hydration systems is poorly understood. Much less information has also been published on the rate-controlling factor(s) of orth-C 3 A dissolution in aqueous solutions relative to cub-C 3 A hydration systems, although existing research suggests that the solution chemistry plays a key role [9, 17, 20, 45] . Here, inductively coupled plasma optical emission spectroscopy (ICP-OES) and pH experiments are performed and supplemented by thermodynamic modelling to better understand the role of the solution chemistry on C 3 A hydration in three systems: (1) in water; (2) in water and with gypsum; and (3) in aqueous solutions containing PNS and with gypsum. It has been demonstrated that the transition between inhibited and rapid dissolution of cub-C 3 A in aqueous calcium sulfate containing solutions is strongly linked to the solution chemistry, although only a few publications have reported aqueous phase chemical composition data [15, 21, 26, 33] . Solution chemistry datasets for orth-C 3 A systems are scarcer [45] . This work is also needed to provide a more coherent description of the dissolution inhibiting role that adsorption phenomena plays in retarding cub-C 3 A dissolution in calcium sulfate containing aqueous systems, particularly in light of recent results [41] . Complementary isothermal calorimetry (IC), XRD, and thermogravimetric analysis (TGA) data are obtained and used to complete the analysis. The results are discussed to provide an advanced description of cub-and orth-C 3 A dissolution in alkaline Ca-and sulfur-rich aqueous solutions, i.e., in a similar chemical environment to that which exists in fresh PC concrete.
Materials and methods

Materials for ICP-OES, pH and XRD
The cub-C 3 A (cub-C 3 A_1, Na 0.06 Ca 3.11 Al 2 O 6.14 , Mineral Research Processing Cie, hereafter MRP) and orth-C 3 A (orth-C 3 A_2, Na 0.37 Ca 2.92 Al 2 O 6.11 , MRP) powders used to produce the hydrated samples measured by ICP-OES, pH, and XRD were synthesised by firing CaCO 3 (s) , Al 2 O 3 (s) , and Na 2 CO 3 (s) (all from Merck) twice at 1350°C for 2 h in platinum vessels. The material was ground to a fine powder in an intermediate grinding step.
The chemical composition, purity and crystal structures of cub-C 3 A_1, orth-C 3 A_2, and the gypsum precursors used, gypsum_1 (Fisher Scientific) and gypsum_2 (Sigma-Aldrich) (the use of two gypsum precursors is discussed below), were quantified by X-ray fluorescence (XRF), TGA, XRD, and Rietveld analysis (estimated uncertainty = ± 3 wt%). The data show that cub-C 3 A_1 contains 95 wt% cub-C 3 A (Powder Diffraction File (PDF)# 01-070-0839), 4 wt% katoite (C 3 AH 6 , PDF# 00-024-0217), and 1 wt% portlandite (CH, PDF# 01-072-0156). Orth-C 3 A_2 was identified to contain~89 wt% orth-C 3 A (PDF# 01-070-0859),~10 wt% cub-C 3 A, and ≤1 wt% CH. Gypsum_1 is pure, and gypsum_2 contain 93 wt% gypsum (PDF# 01-070-0982) and 7 wt% hemihydrate (PDF# 01-081-1848). Free lime (CaO) was not identified in any of the X-ray diffractograms of the cub-and orth-C 3 A powders used. Thermogravimetric analysis (TGA) confirmed the presence of CH and additionally showed that small amounts of Al(OH) 3 (½AH 3 ) had formed in both cub-C 3 A_1 and orth-C 3 A_2 prior to sample preparation (< 2.5% mass lost to 550°C). Therefore, these results indicate that the cub-C 3 A_1 and orth-C 3 A_2 powders used were slightly hydrated during storage and/or sample preparation.
The , d 50 = 54.3 μm) were measured on a Quantachrome Nova 1000 after heating to 300°C under vacuum for 4 h for cub-and orth-C 3 A, and at 70°C under vacuum for 10 min for gypsum. Particle size distributions were measured on a Cilas Granulometer 1180 in isopropyl alcohol after ultrasonication at 38 kHz for 60 s. Additional experimental details and results are reported in Appendix A (Electronic Supporting Information, ESI).
Materials for IC
Hydrated samples analysed by IC were synthesised using orth-C 3 A_2, gypsum_2 and a different batch of cub-C 3 A (cub-C 3 A_2) to the powder used in the ICP-OES, pH and XRD experiments (cub-C 3 A_1), but synthesised using the same method. This cub-C 3 A_2 powder was characterised using the same instruments as the solid precursors described in Section 2.1. It was determined to contain ≥ 99 wt% cub-C 3 A by XRD and Rietveld analysis, to have a d 50 of 20.8 μm (Appendix A, ESI), and a BET surface area of 473 m 2 kg −1 , i.e., cub-C 3 A_2 is slightly coarser and purer than cub-C 3 A_1. The materials described in Section 2.1 were chosen for consistency with those used in recent synchrotron-based research [41, 46] , while cub-C 3 A_2 was selected for consistency with work performed at Universidade Federal do Rio Grande do Sul. The significance of using two different batches of cub-C 3 A is discussed further in the analysis of the results.
Sample preparation
Polymer-free samples were prepared at a liquid/solid mass ratio (l/ s) = 10, which was chosen to provide enough solution to analyse the samples by ICP-OES at low solids mass and excess water needed for full hydration. Deionised water was used in samples measured by IC. High purity water (18.2 × 10 6 Ω cm, produced using a Barnstead NANOpure II with a filter size = 0.2 μm) was otherwise used. Gypsum was mixed with cub-or orth-C 3 A prior to the addition of water at a mass ratio of 1.0 C 3 A:0.40 gypsum (S/A molar ratio ≈ 0.15) in the absence of PNS (Mira 151, W. R. Grace & Co.-Conn.). Another set of samples was synthesised by mixing cub-C 3 A and gypsum, and then adding these solids to a dilute aqueous PNS solution at a mass ratio of 0.06 PNS: 1 cub-C 3 A. The same mass of cub-C 3 A and an equivalent bulk sulfur concentration to the PNS-free gypsum containing samples was used. These conditions represent 'adsorption saturation' of PNS in a system containing cub-C 3 A reacted with an aqueous K 2 SO 4 solution after 30 min [20] , and so is an approximation because the extent of PNS adsorption onto C 3 A likely changes from one C 3 A source to another. The solids fraction and sulfur, Na, Al, and Ca concentrations in the undiluted PNS solution were determined by ASTMC494 to be 54 wt% and by ICP-OES to be
, and 13 mmol L −1 , respectively.
Samples analysed by ICP-OES, XRD, TGA, and pH measurements were synthesised and cured in sealed polypropylene vessels under ambient laboratory conditions (24 ± 2°C), and continuously mixed until filtration. Samples were filtered using 0.45 μm nylon filters. The filtrates were collected and then the solids were immediately washed with acetone, dried under 24 ± 2°C and 20 kPa for ≥ 5 days, and then stored at 24 ± 2°C in vacuum-sealed bags until analysis.
Methods
The materials and corresponding analytical methods used are shown in Table 1 .
Filtered solids (hydration stopped by washing with acetone) were analysed by XRD using a PANalytical X'Pert PRO diffractometer with an X'Celerator detector, Co Kα radiation generated at 40 kV and 40 mA, a step size of 0.017°2θ, and a dwell time of 0.4 s. X-ray diffractograms are reported with respect to the magnitude of the scattering vector
). Supernatant Ca, Al, sulfur, and Na concentrations were determined by ICP-OES on a Perkin Elmer 5300 DV using Ar plasma after dilution by at least a factor of 5 with 2 vol% HNO 3 (aq) (which itself was synthesised by titrating 70 vol% trace metal grade HNO 3 (aq) , Sigma-Aldrich, into 18.2 × 10 6 Ω cm water). A relative uncertainty of ± 10% is estimated and practical minimum detection limits for Ca, Al, sulfur, and Na are 0.01 mmol L spectively. Supernatant OH -concentrations were determined directly after filtration using an Accumet pH meter (Fisher Scientific) that was calibrated against NaOH solutions of known concentrations (estimated absolute uncertainty is ± 0.3 pH units).
An isothermal Tam Air calorimeter (TA Instruments) operated at 25°C was used to follow the hydration of cub-and orth-C 3 A samples (20 μW sensitivity). Thermal equilibrium of the raw materials was achieved by storing them in a desiccator at 25°C for 30 min prior to measurement. The calorimeter temperature was also maintained at 25°C prior to measurement. Baseline stabilisation was established prior to introducing vials into the calorimeter. Samples were prepared by mixing 0.5-1.0 g of solids (gypsum, cub-C 3 A, orth-C 3 A), deionised water, and PNS at the same proportions previously specified (Section 2.3) for 2 min in a calorimetry vial by hand before being introduced into the calorimeter. The decision to hand mix samples for 2 min was made using preliminary tests, which showed that this condition yielded homogenized samples and highly reproducible results. Heat flows were measured for 48 h after the vials were introduced into the calorimeter. The IC data obtained are normalised to the total masses of solids added.
Effective saturation indices (SI eff ) for relevant solid phases in the C-A-S-H system were calculated using measured supernatant Ca, Al, and sulfur concentrations, and Eq. (1):
where IAP i is the ion activity product of the i th solid phase, K s0,i is the solubility product of the i th solid phase, and n i is the total stoichiometric number of ions in the dissolution reaction defined for the i th solid phase (Table C3 in Activity coefficients for charged aquo species were calculated using the Gibbs free energy minimisation GEM-Selektor v.3 software (http:// gems.web.psi.ch/) [47, 48] and the Truesdell-Jones form of the extended Debye-Hückel equation with ion size and extended term parameter for KOH (ȧ = 3.67 Å and b γ = 0.123 kg/mol) [49] . The activity of water was determined using the osmotic coefficient and b γ I was used to determine activity coefficients for neutral aqueous species, where I is the ionic strength. The CEMDATA14.01 thermodynamic database was used (Appendix C, ESI) [8, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] .
Results and discussion
Hydration of orth-and cub-C 3 A in water
Dissolution of orth-C 3 A in water is incomplete after 2896 min (~48 h) (Fig. 1) . Orth-C 3 A is expected to remain strongly undersaturated as it dissolves in water (Fig. 1B) , although the SI eff of cub-C 3 A (used as a proxy for orth-C 3 A here) is lower at > 601 min (~10 h) relative to earlier hydration times. Katoite forms immediately after dissolution begins, out-competing the other 'near-saturated' phases (i.e., phases with SI eff ≈ 0), which are CH and C 2 AH 7.5 here (Fig. 1B-C) . 
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Microcrystalline ½AH 3 is supersaturated in this system but undetected by XRD, although additional TGA data confirm the presence of ½AH 3 at 4 min of hydration (Appendix B, ESI). OH-AFm (C 4 AH 19 -like, PDF# 00-042-0487) is identified by XRD after both 2066 and 2896 min (~34 and 48 h) of hydration despite being significantly undersaturated at these times. Small amounts of C 4 ACH 11 (PDF# 01-087-0493) are detected in some samples, which is caused by superficial carbonation during sample storage, preparation, and analysis.
In general, the concentrations of aqueous Al, Na, and OH -increase and the Ca concentration decreases with increasing orth-C 3 A dissolution extent (Fig. 1A) , such that the aqueous molar Ca/Al ratio (Ca/ Al [aq] ) decreases from 0.56 at 1 min to 0.02-0.04 between 120 and 2896 min (2 and~48 h) of hydration (Fig. 2) . This deficiency of Ca in the aqueous phase relative to bulk orth-C 3 A and katoite (i.e., Ca/Al [aq] ≪ 1.5), and the initial lack of solid hydration products with Ca/Al molar ratios > 1.5, indicates that the Al 6 O 18 18− ring structures dissolve preferentially to the Ca structures in orth-C 3 A and suggests that a relative excess of Ca exists at the solid/solution interface of partially dissolved orth-C 3 A particles in water (a schematic of the C 3 A/solution interface is shown in [41] ). These results and this interpretation are consistent with work conducted by Glasser and Marinho [45] , who predicted the surface of partially hydrated orth-C 3 A particles (dissolving in water) to become progressively more deficient in Al at lower l/s values than used in their experiments (l/s ≈ 360). The significant reduction in the Ca/ Al [aq] to~2 orders of magnitude less than the initially measured values at > 120 min is somewhat consistent with the identification of OHAFm (bulk Ca/Al = 2) after 2066 min (~34 h) of hydration (Fig. 1C) . Therefore, OH-AFm precipitates as a kinetic product in this orth-C 3 A system (as it is strongly undersaturated) when a sufficiently high excess of dissolved Al is present in the aqueous solution.
The IC results for orth-and cub-C 3 A hydration in water only show initial heat flow peaks (Fig. 3) , which are predominantly related to katoite precipitation (Fig. 1C and F) . The maxima of both peaks occurs at~5 min of hydration. However, the maximum heat flow is greater and more heat is cumulatively released in the cub-C 3 A system relative to the orth-C 3 A system at 2880 min (48 h), and at this time the cumulative heat release profiles for these systems approach asymptotic and accelerating trends, respectively. This latter difference may be explained by OH-AFm precipitation from orth-C 3 A dissolution in water at hydration times > 600 min (Fig. 1C) , because this phase is not identified in the XRD results shown here for cub-C 3 A hydration in water (Fig. 1F) . The faster heat release rate in the cub-C 3 A system relative to the orth-C 3 A system is consistent with previously reported IC results and a faster hydration rate of cub-C 3 A in water [19, 20, 62] .
Dissolution of cub-C 3 A in water is also incomplete after 2909 min (~48 h) of hydration (Fig. 1F) , consistent with existing results [3, 19] . The IC results (Fig. 3 ) also agree closely with the literature [31] as it shows a single initial heat release peak associated with katoite precipitation, which is the main solid hydration product in this system. The calculated SI eff values show that katoite remains consistently slightly supersaturated up to~2880 min (~48 h) of hydration (Fig. 1E) , demonstrating its high stability in this system. Katoite outcompetes the other 'near-saturated' phases, which are CH, C 2 AH 7.5 , C 4 AH 19 , and ½AH 3 , to preferentially precipitate. The relatively high stabilities of C 2 AH 7.5 and C 4 AH 19 are consistent with the occasional identification of OH-AFm in hydrated cub-C 3 A systems [3, 4] . However, these phases are not identified here, which may be caused by superficial carbonation of the samples to destabilise the originally precipitated OH-AFm phases to C 4 ACH 11 . These results are similar to those obtained for orth-C 3 A hydrated in water (Fig. 1A-C) , except that the SI eff values calculated for ½AH 3 and C 4 AH 19 are significantly lower and higher, respectively, for cub-C 3 A hydrated in water. This difference is caused by the much lower dissolved Al concentration in the cub-C 3 A system ( Fig. 1A and D) . Dissolution of cub-C 3 A is incongruent in water, with dissolution of Ca occurring much faster than Al (Fig. 1D ). This result indicates that the Ca structures are more soluble than the Al 6 O 18 18− rings in this phase, such that the initial Ca/Al [aq] = 46 (Fig. 2) . The measured concentration of aqueous Al remains ≤ 1.33 mmol L −1 here, which is consistently at least an order of magnitude lower than the measured dissolved Ca concentration. This relative deficiency of aqueous Al relative to aqueous Ca, and the predominant precipitation of katoite (Ca/ Al = 1.5) in this system (Fig. 1F) , indicates that the cub-C 3 A/solution interface is relatively enriched in Al and/or a significant amount of Al is incorporated into additional solid hydration products undetected by XRD. The TGA results for this system suggest that ½AH 3 is present at 4 min of hydration (Appendix B, ESI) despite ½AH 3 being undersaturated (Fig. 1E) . However, relative enrichment of Al at the partially dissolved cub-C 3 A/solution interface in an Al-rich leached layer [63] has been identified by Auger electron spectroscopy in a similar aqueous cub-C 3 A system [30] , and so is therefore likely to be present in the cub-C 3 A sample measured here. It is also possible that this Al-rich layer may contain bound water in chemically similar environments to ½AH 3 and contribute to the mass loss signal in the TGA results. The presence of an Al-rich leached layer in this cub-C 3 A system but not in the orth-C 3 A and water system is consistent with the reported enhanced solubility of Al in C 3 A in more highly concentrated Na-containing aqueous solutions [45] . Recent zeta potential and sulfur and Ca K-edge XAS measurements suggest non-specific adsorption of Ca complexes onto the partially hydrated cub-C 3 A surface [41] , similarly to how Ca complexes onto Al (OH) 3 [64] , which is also consistent with the presence of an Al-rich leached layer. The relevance of these adsorbed Ca complexes on cub-C 3 A hydration is discussed further in Section 3.3.
Hydration of orth-and cub-C 3 A in the presence of gypsum
The addition of gypsum into the orth-C 3 A and water system (at a mass ratio of 1.0 C 3 A: 0.40 gypsum and bulk molar S/A = 0.15) significantly reduces the pH and aqueous Al concentration and increases the dissolved Ca concentration relative to the sulfur-free system before complete gypsum dissolution, which occurs between 8 and 31 min of hydration ( Fig. 4A-C) . During this period ettringite (PDF# 00-041-1451) is strongly supersaturated and precipitates, outcompeting C 4 ASH 12 (PDF# 00-045-0158), which is also supersaturated but to a lesser degree, and the other 'near-saturated' phases (katoite and CH). The remnant orth-C 3 A fully dissolves shortly afterwards, between 31 and 123 min of hydration. On complete gypsum dissolution, ettringite becomes undersaturated and is destabilised to C 4 ASH 12 , although this latter phase also becomes undersaturated, the pH and aqueous Al and Na concentrations increase substantially, and the dissolved Ca and sulfur concentrations are reduced to < 1 mmol L −1 . The concentration of aqueous Na is generally similar in the gypsum containing and sulfurfree orth-C 3 A systems ( Fig. 1A and A) . The XRD results for the gypsum containing orth-C 3 A system also show that some of these samples were slightly superficially carbonated, as small amounts of C 4 ACH 11 precipitates are identified. This interpretation of orth-C 3 A and gypsum hydration in water is supported by the IC results (Fig. 5A ). In this system, an early heat flow peak with a maximum at~4 min of hydration is observed. This peak corresponds to initial orth-C 3 A dissolution and principally ettringite precipitation. A secondary heat release peak at~24 min of hydration is measured, which corresponds to the initial destabilisation of ettringite to C 4 ASH 12 on complete gypsum dissolution. A third heat flow peak at The Ca/Al [aq] ratios measured in the gypsum-containing orth-C 3 A system (6 < Ca/Al [aq] < 220, Fig. 6 ) are more than an order of magnitude greater than those in the sulfur-free orth-C 3 A system during gypsum dissolution (Figs. 1A and 4A) , and are also much greater than the bulk molar Ca/Al ratio in orth-C 3 A_2 (≈ 1.5). This relative deficiency of dissolved Al can be explained by its incorporation in ettringite, which precipitates essentially immediately on hydration of orth-C 3 A, and also in poorly crystalline ½AH 3 , which is 'near-saturated' in this gypsum containing system (Fig. 4B) . The assignment of ½AH 3 here is also supported by the TGA results (Appendix B, ESI). The faster dissolution rate of orth-C 3 A observed in the presence of gypsum than in water alone [19, 20] 1 can thus be attributed to the lower aqueous Al concentration in the former system: the addition of gypsum in the orth-C 3 A and water system strongly reduces the aqueous Al concentration, consumed through ettringite precipitation. Therefore, the results shown here suggest that the orth-C 3 A dissolution rate is controlled by bulk reactive mass transport phenomena in aqueous (gypsum containing)
systems. The addition of gypsum to the cub-C 3 A and water system (at a mass ratio of 1.0 C 3 A: 0.40 gypsum and bulk molar S/A = 0.15) significantly increases the aqueous Ca concentration and decreases the dissolved Al concentration (Ca/Al [aq] > 1000, Fig. 6 ), and stabilises the pH at 12.5 up to between 611 and 2040 min (~10 and 34 h) of hydration (Fig. 4D) . Greatly reduced aqueous Ca, sulfur, and OH -concentrations, and significantly increased aqueous Al concentrations, are measured at later hydration times. These changes coincide with complete gypsum dissolution and: i) the transition to saturation or 'near-saturation' of C 3 AH 6 , C 4 ASH 12 , C 2 AH 7.5 , ½AH 3 , and CH (Fig. 4E) ; ii) significantly reduced SI eff values for ettringite, C 4 AH 19 , and gypsum (Fig. 4E) ; and iii) complete dissolution of cub-C 3 A (Fig. 4F) . Some ettringite also destabilises to OH-AFm after 123 min of hydration despite its undersaturation in this system at these curing times. Therefore, these results are consistent with a rapid destabilisation of ettringite, the predominant solid hydration product in the presence of gypsum and after the initial hydration period [15] , to mainly C 4 ASH 12 on complete gypsum dissolution at bulk molar S/A concentrations < 0.25 [15, 16] . Gypsum is consumed at a faster rate in the orth-C 3 A system than in this cub-C 3 A system, consistent with the lower aqueous Ca concentration in the orth-C 3 A system. A similar temporal solid phase assemblage, comparable aqueous Ca, Al, and sulfur concentrations, and slightly higher OH -concentrations to those measured in this hydrated cub-C 3 A and gypsum system are also reported for cub-C 3 A and gypsum hydrated in an initially portlandite-saturated aqueous solution [15] (Fig. 4E, shaded  boxes) . The IC results for the gypsum containing cub-C 3 A system share the same features present in previously published data (Fig. 5 ) [15, 16, 31, 34] : i) an early heat release peak with maximum at~2 min associated with the initial precipitation of solid hydration products; and ii) a sharper secondary heat release peak with maximum at~60 (gypsum_1) and~160 min (gypsum_2) depending on the gypsum source. However, the time of these secondary heat release peaks do not match the time that complete consumption of gypsum is identified in the ICP, SI eff , and XRD results reported here, and so this finding contrasts the reported results which link these peaks to the destabilisation of ettringite to C 4 ASH 12 and renewed cub-C 3 A dissolution. We are unable to explain this discrepancy other than to suggest that it can be attributed to the different durations of mixing employed in the IC (2 min) and ICP-OES, XRD, and TGA (continuously) experiments, because the calorimeter is particularly sensitive to the sample setup. As noted in the methods section (Section 2.4), these IC results were consistently reproduced over multiple experimental runs. Similar trends in SI eff values, aqueous Ca, sulfur, and Al concentrations, and solid phase assemblages are found in the gypsum containing aqueous cub-and orth-C 3 A systems except for ½AH 3 (Fig. 4) , which is undersaturated in the cub-C 3 A system but is 'nearsaturated' in the orth-C 3 A system before complete gypsum dissolution. Significantly lower SI eff values for ½AH 3 are also calculated in the sulfur-free cub-C 3 A system compared to the corresponding orth-C 3 A system ( Fig. 1) , which are related to the measured Ca/Al [aq] values, and result from the higher solubility of Al 6 O 18 18− ring structures in orth-C 3 A relative to those in cub-C 3 A in the respective aqueous solutions [45] . The relatively high, proportional and concurrent release of Na and Al measured in the orth-C 
Implications for fresh PC concrete
The results and analysis presented above points towards the bulk solution chemistry being the key rate controlling factor for orth-C 3 A dissolution in water and in CaSO 4 containing aqueous solutions (Figs. 1A-C and 4A-C). The calculated SI eff values for cub-C 3 A in these systems (acting as a proxy for orth-C 3 A) are similar in the presence and absence of gypsum, before complete gypsum consumption, which therefore does not point to crystal-chemical defects [66] controlling the orth-C 3 A dissolution rate. Rather, the aqueous Al concentration is greatly reduced in the presence of gypsum relative to the sulfur-free orth-C 3 A system, attributed mainly to the uptake of Al in ettringite, which would cause a greater driving force for orth-C 3 A dissolution (of its Al 6 O 18 18− rings). Orth-C 3 A dissolves faster than cub-C 3 A in water in the presence of gypsum, which indicates that rheology and/or setting problems are likely in fresh PC concrete if too much orth-C 3 A exists in PC without further modification of the solution chemistry, because fresh PC concrete typically contains calcium sulfate and a very low Al concentration [8, 67] (these are the conditions needed for rapid orth-C 3 A dissolution). Therefore, to avoid setting problems in PC concrete from rapid dissolution of orth-C 3 A, the orth-C 3 A content should be reduced and/or the solution chemistry should be modified (e.g., using admixtures) to increase its Al concentration. Adsorption phenomena are, however, generally agreed to provide the key dissolution rate controlling factor(s) in cub-C 3 A hydration [15, 20, 21, 24, 29, 30, 35, 36] . The values of Ca/Al [aq] ≫1.5 as measured by ICP-OES in the cub-C 3 A systems here are consistent with the presence of an Al-rich leached layer at the partially dissolved cub-C 3 A/ solution interface [30, 45] . Recent research utilising solution (pH) and surface (zeta potential, Ca and sulfur K-edge XAS) chemical, and morphological (X-ray ptychography, scanning electron microscopy) methods suggests that this layer non-specifically adsorbs Ca and Ca-sulfur ion pair complexes and that the latter complexes in particular act to increase the local saturation extent near C 3 A surface sites and inhibit dissolution [41] . The assignment of the Al-rich leached layer to a key role in this adsorption mechanism may explain why the dissolution of cub-and orth-C 3 A are controlled by different factors, because this layer is less stable in systems containing orth-C 3 A (higher alkali concentration) [45] . The specific complexation of Ca and SO 4 2− on cub-C 3 A system was unsupported by the results obtained in that recent investigation, which is consistent with the geochemistry literature at pH > 12 [37] [38] [39] [40] 64] . If this hypothesis is true, i.e., that nonspecific adsorption of the Ca-sulfur ion pair complex is key to cub-C 3 A dissolution inhibition, then this dissolution inhibiting effect should be reproduced in the presence and SeO 4 2− are similar [68] . Further research, particularly in advancing understanding of the molecular structure of the cub-C 3 A/solution interface [41] , and experimental testing of cub-C 3 A hydration in aqueous solutions similar to CaSO 4 [41] , are needed to confirm this assignment. That recent study [41] also showed that PNS adsorbs to the partially hydrated cub-C 3 A surface at pH > 12. Figs. 7 and 8 show that PNS greatly retards cub-C 3 A dissolution in the presence of gypsum relative to systems without PNS and at the same bulk sulfur concentration ( Fig. 4D-F) , consistent with that research. Ettringite and C 4 ASH 12 are supersaturated in this PNS containing system although the precipitation of these phases is effectively suppressed by the low dissolution extent of cub-C 3 A (Fig. 7B-C) . However, some cub-C 3 A does dissolve here (Fig. 7A) [69] . This compound adsorbs to the cub-C 3 A surface and forms surface bound macromolecules that greatly retard dissolution. Therefore, the results presented here highlight the importance of the solution chemistry, e.g., the pH and aqueous Ca and sulfur concentrations, in addition to adsorption phenomena, on the rate controlling mechanisms of cub-C 3 A hydration. In fresh PC systems the pH is generally > 12 [8, 67, 70, 71] and so the surfaces of partially dissolved PC phases are predominantly deprotonated, which is a critically important consideration when investigating the behaviour of chemical admixtures and the solid/solution interface chemistry in C 3 A and PC systems.
Conclusions
This paper has presented a solution chemistry focused analysis of orth-or cub-C 3 A hydration in water, water with gypsum, as well as in a PNS containing aqueous solution in the presence of gypsum. In the sulfur-free systems, cub-C 3 A was found to hydrate faster than orth-C 3 A, with predominantly katoite precipitated. The Ca/Al [aq] values measured in the orth-and cub-C 3 A samples were ≫1.5 and ≪1.5, respectively, which were attributed to a higher solubility of Al 6 O 18 18− ring structures in orth-C 3 A than in cub-C 3 A. This interpretation was supported by the direct relationship found between the dissolved Al and Na concentrations in the orth-C 3 A samples. The relatively lower solubility of the Al 6 O 18 18− rings in cub-C 3 A was proposed to play a key role in the formation of an Al-rich leached layer at the partially-dissolved cub-C 3 A/solution interface, which itself influenced the dissolution rate controlling mechanism. The XRD, ICP-OES, and thermodynamic modelling results indicated that the chemistries of the gypsum containing cub-and orth-C 3 A samples were greatly modified once the gypsum source was completely consumed. Predominantly ettringite precipitated from solutions significantly supersaturated with respect to this phase before complete gypsum dissolution. Complete gypsum consumption occurred hours earlier in the orth-C 3 A system, although effectively the same amount of heat was cumulatively released in both orth-and cub-C 3 A systems by 48 h of hydration. On complete gypsum consumption, the dissolved Ca and sulfur concentrations decreased, the aqueous Al concentration increased, and ettringite was destabilised to C 4 ASH 12 and also to OH-AFm at later hydration times. The much lower Al concentration in the gypsum containing orth-C 3 A system relative to the sulfur-free orth-C 3 A system could explain the significantly increased dissolution rate of this phase in the former system. Therefore, the results suggest that orth-C 3 A dissolution is controlled by the bulk solution chemistry in (gypsum containing) aqueous solutions.
The lower solubility of the Al 6 O 18 18− ring structures in cub-C 3 A and the consequent formation of an Al-rich leached layer during dissolution was able to explain the key inhibiting action of adsorbed Ca-sulfur ion pair complexes on cub-C 3 A dissolution. These findings were discussed Fig. 7 . Results from analysis of cub-C 3 A_2 and gypsum_2 hydrated in a PNS solution at an equivalent bulk sulfur concentration to the PNS-free and gypsum containing cub-C 3 A system ( Fig. 4D-F) . The phase identification labels in the diffractograms are C = cub-C 3 A, G = gypsum and Cc = calcite. The grey and white regions in (B) and (E) represent supersaturation (SI eff > 0) and undersaturation (SI eff < 0) of the solid with respect to the aqueous phase, respectively. Microcrystalline is abbreviated as mic.
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considering recently reported results, to more coherently describe the influence of adsorbed Ca and sulfur complexes on cub-C 3 A hydration, in which the Ca-sulfur ion pair complex plays a key inhibiting role. However, additional experimental and modelling results are needed to confirm this conclusion.
Results obtained for cub-C 3 A and gypsum hydrated in a PNS containing solution supported the dissolution inhibiting action of PNS being caused by adsorption, and that inclusion of PNS in the cub-C 3 Agypsum-water system greatly modifies the solution chemistry. No solid hydration products were identified by XRD in samples produced by reacting cub-C 3 A and gypsum with the PNS-containing aqueous solution. Therefore, this paper demonstrates the importance of the solution chemistry, including adsorption effects, on cub-and orth-C 3 A hydration in PC-relevant systems.
Supporting information
Additional particle size distribution, TGA and XRD results, and details of the XRF measurements for the solid precursors are provided in Appendix A; Appendix B contains additional TGA results for hydrated cub-and orth-C 3 A samples after 4 min of hydration in water; and the thermodynamic database used in modelling calculations is shown in Appendix C. 
